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Abstract

Small punch (SP) tests were conducted in a temperature range from )190 to 80 �C on martensitic/ferritic steels

F82H, T91 and Optimax-A irradiated in SINQ Target-3 up to 9.4 dpa in a irradiation temperature range of 90–275 �C.
Results demonstrate: (a) the irradiation hardening deduced from SP tests is reasonably consistent with the results

obtained by tensile tests; (b) with increasing irradiation dose, the SP yield load increases at all test temperatures, while

the displacement at the maximum load and the total displacement at failure decrease; (c) the ductile-to-brittle transition

temperature (DBTTSP) increases with increasing irradiation dose, and does so more quickly at irradiation doses above

�6–7 dpa; in addition, the DDBTTSP increases linearly with helium content.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The micro-structural and metallurgical changes from

high-energy proton and neutron irradiation cause a

significant degradation of the mechanical properties of

materials. A major concern for martensitic/ferritic steels

such as F82H and T91 is the irradiation-induced em-

brittlement [1,2]. These steels are considered as candi-

date materials for the first wall of fusion reactors and the

containers of the liquid target of spallation neutron

sources and accelerator driven systems (ADS) in the

future.

Due to the limited space available for irradiation

experiments in nuclear reactors and charged particle ir-

radiation facilities. SP testing, which uses 3 mm diameter

TEM disks to evaluate mechanical properties, is now

considered as a promising method of evaluating fracture

behaviour in the ductile-to-brittle transition temperature

(DBTT) range [3–5]. In the present work, the embrit-

tlement of F82H, T91 and Optimax-A steels irradiated
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in a proton and neutron mixed spectrum has been ex-

amined by using the small punch technique.
2. Experimental

T91 steel received from Oak Ridge national labora-

tory has a composition in wt% of 8.32 Cr, 0.86 Mo, 0.48

Mn, 0.20 V, 0.06 Ni, 0.06 Nb and 0.09 C with the

balance Fe. The plate (Heat #30176) was cold-rolled

from 6 to 3 mm, and was subjected to the following heat

treatment: normalized at 1040 �C for 1 h, air cooled

then tempered at 760 �C for 1 h [6]. F82H steel (IEA

Heat 9741) used in this irradiation has a composition in

wt% of 7.65 Cr, 2 W, 0.16 Mn, 0.16 V, 0.02 Ta, 0.11 Si

and 0.09 C with the balance Fe. The 15 mm thick plate

was subjected to the following heat treatment: normal-

ized at 1040 �C for 38 min, air cooled then tempered at

750 �C for 1 h, to produce a final fully martensite lath

structure [7]. Optimax-A steel used in this study has

a composition in wt% of 9.3 Cr, 0.09 Mo, 0.60 Mn,

0.24 V, 0.97 W, 0.02 Si and 0.098 C with the balance Fe.

The 8 mm plate was subjected to a heat treatment:

normalized at 1050 �C for 1 h, air cooled then tempered

at 750 �C for 2 h [8].
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Table 1

Irradiation conditions and SP test results of F82H, T91 and Optimax-A SP samples

Materials Specimen ID. dpa Irrd. temp. (�C) He (appm) DBTTSP (�C) DDBTTSP (�C) USE (J)

F82H Un-irr – – – )164 – 0.22

Pa 2.5 80± 8 140 )150 14 0.21

Pb 4.5 150± 10 285 )143 21 0.20

Pc 3.5 98± 8 160 )136 28 0.19

Pd 6.5 180± 15 375 )121 43 0.18

Pe 8.6 265± 20 680 )76 88 0.17

T91 Un-irr – – – )153 – 0.17

Ia 2.8 90± 8 165 )125 28 0.16

Ib 4.8 160± 15 310 )110 43 0.15

Ie 9.4 275± 20 770 )35 118 0.13

Optimax-A Un-irr – – – )165 – 0.19

Na 4.4 130± 10 260 )148 17 0.17

Nb 6.1 170± 15 330 )123 42 0.16

Nc 8.2 240± 20 595 )50 115 0.14
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In the first SINQ target irradiation program (STIP-

I), specimens of different kinds of materials and various

sizes were put into 10 rods for irradiation [9]. The po-

sitions of all these special rods were in the central col-

umns of the target. SP samples of F82H, T91 and

Optimax-A steels were put into 5 rods (Rod 1, 3, 4, 5

and 10) at different positions, so a series of irradiation

temperatures and doses was obtained. Table 1 gives the

final irradiation temperature, doses and helium contents

of the samples.

The SP test experimental configuration is shown

schematically in Fig. 1. It consists of a clamped, centre-

loaded disk specimen. The SP specimen holder consists

of an upper and lower die, and four clamping screws.

Using this specimen holder, the specimens are prevented

from cupping upward during punching. Therefore

plastic deformation is concentrated in the region below

the punch (1 mm steel ball).
Fig. 1. A schematic diagram shows the set-up of small punch

test.
The SP test was performed on a Zwick mechanical

testing machine, with a maximum load capacity of

20 kN. A special low temperature device was designed to

obtain testing temperatures from liquid nitrogen tem-

perature to room temperature. For tests above room

temperature, we use a small heat ring to heat the spec-

imen from room temperature up to 300 �C together with

the specimen die. The temperature was measured by a

Type K NiCr-Ni (DIN IEC 584-1) thermocouple, placed

into the specimen die 0.5 mm away from the specimen.

The testing was carried out at a constant crosshead

speed of 0.1 mmmin�1. During testing, the load–dis-

placement curve was measured both by the crosshead

and an additional video-extensometer. All the testing

data were automatically recorded. In order to get the

ductile–brittle transition behaviour, about 15–20 unir-

radiated samples and about 6–8 irradiated samples were

tested for each irradiation dose at different testing tem-

peratures.

To understand the fracture mechanism, the fracture

surfaces of SP samples for selected specimens were ex-

amined by scanning electron microscopy (SEM). For the

unirradiated specimen, about eight samples from the

whole testing temperature regime were observed. For

irradiated ones, normally 3–5 samples were selected

from lower to higher test temperature corresponding to

the upper shelf energy, transition and lower shelf energy

regimes to investigate the brittle-ductile transition be-

havior for each dose.
3. Results

SP test of unirradiated and irradiated F82H, T91 and

Optimax-A steels were performed at temperatures from

about )190 to 80 �C. Typical load–displacement curves



Fig. 2. Typical load–displacement curves for the three steels before and after irradiation: (a) F82H, un-irradiated; (b) T91, un-irra-

diated; (c) Optimax-A, un-irradiated; (d) F82H, 4.50 dpa, (e) T91, 9.35 dpa, and (f) Optimax-A, 6.10 dpa, respectively.
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for these three materials before and after irradiation are

presented in Fig. 2(a)–(f). As we can see, the SP yield

load ðPyÞ and maximum load ðPmaxÞ increase generally

with decreasing test temperature while the displacement

at fracture (or the total displacement) decrease. For

unirradiated samples tested at temperatures below about

)160 �C, they break in the earlier stage of the curve

before the maximum load is reached. This happens at

higher temperatures for irradiated samples. There are

actually no remarkable differences in the shape of the

load–displacement curves for irradiated and unirradi-

ated samples.

Fig. 3(a)–(c) illustrate the temperature dependence of

SP fracture energy for F82H, T91 and Optimax-A steels

at different irradiation doses. The DBTTSP is defined in a
traditional way as the temperature corresponding to a

SP fracture energy which is half the value of the upper

shelf energy. The DBTTSP data are listed in Table 1. The

uncertainty of the DBTTSP is less than ±10 �C. Fig. 4
presents the dose dependence of DDBTTSP for the three

steels. It shows that at lower irradiation doses, the

DDBTTSP increases linearly with the increasing of dose,

but at irradiation dose higher than about 6–7 dpa with

helium concentrations above about 400 appm, there is a

substantial increase of DDBTTSP. The results show also

that F82H has the lowest shift in DBTTSP as a function

of dose among these three steels.

Fig. 5 shows the morphology of the SP samples of

F82H steel tested at different temperatures before irra-

diation. The ductile–brittle fracture mode transition
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Fig. 3. The temperature dependence of SP fracture energy for

F82H, T91 and Optimax-A steels at different irradiation doses,

respectively.

0 10
0

30

60

90

120  F82H
 T91
 Optimax

∆D
B

TT
SP

 (°
C

)

Dose (dpa)
1 2 3 4 5 6 7 8 9

Fig. 4. The DDBTTSP of the three steels as a function of irra-

diation dose.
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behavior is clearly demonstrated. At lower tempera-

tures, brittle cracks propagated along the radial direc-

tion (Fig. 5(g) and (h)). With increasing testing

temperature, plastic bulging increased and ductile cracks

propagated circumferentially in the heavily stretched

part, which produced a large displacement of the spec-

imen before cracking.

Fig. 6 presents the detail of the fracture surfaces for

the corresponding samples shown in Fig. 5. As can be

seen, the fracture was totally ductile at test temperatures

down to )40 �C. Mixed ductile–brittle fracture appeared

at test temperatures between )80 and )100 �C. The

amount of brittle fracture increases with decreasing test
temperature. At )160 �C, the fracture is completely

brittle, and some inter-granular fracture feature was

observed at )190 �C.
Fig. 7 gives the SEM micrographs for F82H samples

after irradiation to 4.5 dpa. At room temperature, the

specimen has a large deformation before fracture. The

fracture is ductile. At )90 �C, the fracture is still ductile,
but some brittle regions appear. The fracture becomes

more brittle in character at )120 �C. At )150 �C, the
fracture is completely cleavage fracture, and nearly no

plastic deformation occurred before breaking. Few mi-

cro-cracks were observed on specimen surfaces at all the

test temperatures, and no significant difference in the

appearance of the micro-cracks was found between

specimens tested at different temperatures.

Fig. 8 gives the SEM micrographs for T91 steel

samples after irradiation to 9.4 dpa. At room tempera-

ture, the fracture is already a mix of ductile and cleavage

fracture with about 30–40% cleavage. The amount of

cleavage increases to about 60–70% at )20 �C and be-

comes almost 100% at )30 �C. At )90 �C, the main

crack was initiated at the center of the specimen, and no

plastic deformation occurred before the final fracture.

The fracture was almost inter-granular.
4. Discussion

It is known that irradiation hardening is the main

feature of metals irradiated in low temperature regime

(6 0.3 Tm, Tm is the absolute melting point temperature).

The hardening is attributed to the irradiation induced

defect structure. Our previous studies demonstrate that

the microstructure of F82H and T91 has little temper-

ature dependence when the irradiation temperature is

below about 250 �C [10,11]. Above 250 �C, the density of
defect clusters decreases while the size increases with

irradiation temperature. In the present study, except two



Fig. 5. SEM micrographs show the morphology of the un-irradiated F82H SP samples tested at different temperatures. The scale bar

for all is shown in (a). It is 0.5 mm.

Fig. 6. SEM micrographs of a higher magnification show the fracture surfaces of the un-irradiated F82H SP samples presented in Fig.

5. The scale bar for all is shown in (a). It is 10 lm.
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sets of samples were irradiated at 265 and 275 �C, all
other samples were irradiated below 250 �C. Therefore,
the irradiation temperature dependence of the present

data is believed to be not significant.

To evaluate the yield strength (ry) of a material by

means of small punch tests, Mao and Takahashi [12]

have conducted both small punch tests and the standard

tensile tests on a series of ferritic steels and acquired an

empirical expression: ry ¼ 0:36Py=t20, where Py is the

yield load in N and t is the initial specimen thickness in

mm. In order to analyze whether the embrittlement is

partially due to hardening, this empirical expression has

been employed to estimate the yield strength of the

material for each testing temperature. Fig. 9(a) and (b)

represent the estimated yield strength as a function of

test temperature for F82H and T91 steels before and

after irradiation, respectively. In order to make a com-

parison, the yield strength data obtained from tensile
tests for each material at unirradiated condition from

Spaetig et al. [13] was also plotted. As can be seen, in

case of F82H steel, the yield stresses estimated from the

SP tests are about 100 MPa lower than the tensile data.

With decreasing test temperature, the yield strength

obtained either by SP or by tensile test increases, and

this increase is more rapid at temperatures lower than

about )100 �C. As it is well known, the yield stress of a

material increases with decreasing temperature or in-

creasing shear modulus. The rapid increase in yield

stress with decreasing temperatures is normally associ-

ated with the Peierls’ mechanism [14].

For T91 steel, the yield strength obtained by the SP

tests is consistent with the data obtained by tensile tests.

But the reference T91 steel was not the same materials as

was studied in the SP tests. The material we used in the

SP tests has nominal yield strength about 550 MPa at

room temperature, but the yield strength of T91 steel



Fig. 7. SEM micrographs show F82H samples irradiated to 4.5 dpa tested at different temperatures. Three pictures (from up to down)

of each column show the morphology, the micro-cracks on the surface and the fracture surface of the sample. The scales in the pictures

of column (a) are the same for the corresponding pictures in other columns.

Fig. 8. SEM micrographs show T91 samples irradiated to 9.4 dpa tested at different temperatures. Three pictures (from up to down) of

each column show the morphology, the micro-cracks on the surface and the fracture surface of the sample. The scales in the pictures of

column (a) are the same for the corresponding pictures in other columns.
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used by Spaetig et al. [13] for tensile tests had a yield

strength of only 470 MPa at room temperature.

The reason why the SP values are about 100 MPa

lower for both steels is not clear. It is probably due to
the different installations and different materials. In the

case of F82H steel, the expression is suggested to be

ry ¼ 0:4Py=t20. This expression might be applicable to the

T91 steel, too.
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Using the expression ry ¼ 0:4Py=t20, the irradiation

hardening data from tests at room temperature is eval-

uated and plotted in Fig. 10. For comparison, the data

from recent tensile tests on F82H and T91 irradiated

with high-energy protons [15–18] at <300 �C were in-

cluded. Results show that the irradiation hardening

measured by the SP tests is consistent with the data from
tensile tests. A little higher slope for the SP data is

found.

In the present irradiation, the ratio of He/dpa is not

constant due to different proton and neutron spectra at

different positions in the target [19]. This results in a

different dependence of DDBTTSP on helium concen-

tration. Fig. 11 plots the DDBTTSP as a function of

helium concentration. It demonstrates that the

DDBTTSP increases linearly with helium concentration

of the specimens. This increase in transition temperature

is not reflected as comparable hardening due to the in-

creasing helium content. Rather, the observed hardening

is assigned to the defect cluster microstructure plus the

presence of a high density of nano-voids (which produce

additional hardening even without any helium being

present).

Using the empirical expression DBTTCVN ¼ 2.5

DBTTSP [10], comparable DDBTT can be obtained from

the SP tests. Results are plotted in Fig. 12 together with
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neutron-irradiation data [20–25]. They indicate very

different trends for the two data sets. After neutron ir-

radiation, the DDBTT increases with increasing irradi-

ation dose and tends to saturate at a dose level of about

3–5 dpa (it should be pointed out that the neutron-ir-

radiation values were obtained from sub-size either

3· 4· 27 or 3.33· 3.33· 25.4 mm3 Charpy specimens,

that show a lower DBTT than standard CVN specimens

of, 10· 10 · 55 mm3). However, the DDBTT does not

saturate in the case of high-energy proton irradiation. In

addition it increases more rapidly at the higher dose

level of 6–7 dpa. The additional increase of DDBTTSP,

may indicate that helium not only contributes to the

hardening commensurate with the additional shift in the

DBTT but also weakens the grain and lath boundaries

to reduces the fracture stress.
5. Conclusion

The present results of martensitic/ferritic steels F82H,

T91 and Optimax-A irradiated in SINQ Target-3 in a

temperature range of 90–275 �C up to 9.4 dpa demon-

strate that:

(a) The irradiation hardening deduced from SP tests is

reasonably consistent with the results obtained by

tensile tests.

(b) The DBTTSP increases with increasing irradiation

dose, and more quickly at high irradiation doses

above �6–7 dpa. The DDBTTSP increases linearly

with the helium contents.

(c) Comparing to neutron irradiation, the irradiation in

a proton-neutron mixed spectrum may introduce

higher DBTT shift due to the high helium concentra-

tion at a high dose.
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